The pseudo-SU͑3͒ model is used to describe the low-energy spectra and electromagnetic transition strengths in 156 Gd, 158 Gd, and 160 Gd. The Hamiltonian includes spherical single-particle energies, the quadrupolequadrupole interaction, proton and neutron pairing interactions, plus four rotorlike terms. The quadrupolequadrupole and pairing interaction strengths are assigned the values ϭ23A Ϫ5/3 and G ϭ21/A, G ϭ17/A, respectively. The single-particle energies were taken from experiment but scaled to yield an overall best fit. For the other four rotorlike terms, which do not mix SU͑3͒ representations and induce only small changes in the spectra, a consistent set of parameters is given. The basis states are built as linear combinations of SU͑3͒ states which are the direct product of SU͑3͒ proton and neutron states with pseudospin zero. The results are in good agreement with experimental data, demonstrating the suitability of the model to describe heavy deformed nuclei.
I. INTRODUCTION
Recent improvements in nuclear spectroscopy have made possible the measurements of lifetimes of highly excited, low-spin states that were previously inaccessible. Ongoing experiments are searching for new energy levels. For example, in the last few years new levels have been identified in well-deformed rotational nuclei of the lanthanide region: 168 
͓7͔.
In this paper we report on a study of the 156, 158, 160 Gd isotopes that was carried out within the framework of the pseudo-SU͑3͒ model. Four low-lying bands are identified with angular momentum Jр8, along with the M 1 transition probability distribution from the 0 ϩ ground state to calculated 1 ϩ levels. A comparison of theoretical and experimental B(E2) transition strengths is also given.
Successful applications of the SU͑3͒ shell model ͓8͔ to light deformed nuclei have led physicists to explore similar concepts in heavy deformed systems. One of the first challenges encountered when developing a shell-model theory for heavy nuclei is that the splitting of the single-particle levels generated by the spin-orbit interaction is comparable in magnitude to the major shell separation of the harmonic oscillator and thus renders the usual SU͑3͒ symmetry useless, and with it the logic underlying an SU͑3͒-based truncation scheme that proved to be so valuable in light deformed nuclear systems.
Fortunately, another symmetry appears as a result of the large spin-orbit splitting; namely, the so-called pseudo-SU͑3͒ scheme which can be appreciated most easily by considering the near degeneracy of the orbital pairs ͓(l Ϫ2) jϭ(lϪ2)ϩ1/2 ,l jϭlϪ1/2 ͔ which together define a pseudoshell with one quantum less than the original ͑parent͒ configuration, ϭϪ1 where is the principal quantum number of the parent shell ͓9-11͔. The pseudospin doublets with quantum numbers jϭ j and lϭlϪ1 define the subshell structure of the pseudoshell, which is just the original shell less its highest jϭϩ1/2 level. The physical underpinnings of the pseudospin symmetry, and by extension the pseudo-SU͑3͒ model, have been explored recently in terms of a relativistic ͑Dirac͒ formulation of mean-field results for heavy nuclei ͓12-14͔.
A second challenge that is encountered in developing a shell-model theory for heavy nuclei is the dimensionality of the model space which increases very sharply as one moves to higher shells. This growth in the dimensionality of the model space can only be managed by truncating the model space to a small, carefully selected subset of the full space. Since in light deformed nuclei the quadrupole-quadrupole interaction is dominant so the ground state can be represented by a few irreducible representations ͑irreps͒ of SU͑3͒ ͓15-18͔, it is natural to assume one can similarly truncate the model space in heavy nuclei to those representations, in this case of pseudo-SU͑3͒, that correspond to the largest ͑pseudo͒ intrinsic deformation. Indeed, most calculations carried out to date have truncated the space to a single, or at most two or three irreps with a very simple mechanism for generating the splitting and, in the latter case, mixing of pseudo-SU͑3͒ representations.
The development of a computer code that is able to calculate reduced matrix elements for any type of physical operator between different SU͑3͒ irreps ͓19͔ has made it possible to include realistic SU͑3͒ symmetry breaking terms, like the pairing interaction, in SU͑3͒-model Hamiltonians. Indeed, recent results using this code show that the pairing interaction is closely tied to the development of triaxiality in strongly deformed systems ͓20,21͔. Furthermore, complete model-space calculations in the pf shell ͓18,22͔ show that a very good description of the low-energy spectra can be obtained when the Hilbert space is truncated, albeit not so severely, following the same logic as used in the sd shell, *Electronic address: gabriela@phys.lsu.edu † Electronic address: hirsch@nuclecu.unam.mx ‡ Electronic address: draayer@lsu.edu namely, a dominance of the quadrupole-quadrupole interaction. These same calculations also showed that the pairing interaction is critical for a correct description of moments of inertia.
As a result of these developments, a very powerful shellmodel theory for the description of normal parity states in heavy deformed nuclei has emerged. For example, the lowenergy spectra of Gd and Dy isotopes, their B(E2) and B(M 1) transitions strengths, including both the scissors and twist modes ͓23͔ and their fragmentation, have been successfully described using a realistic Hamiltonian ͓24͔.
One difficulty of previous studies has been an apparent lack of consistency in choices for Hamiltonian parameters of the theory. In the present work we find a consistent set of parameters for terms in a realistic pseudo-SU͑3͒ model Hamiltonian. The quadrupole-quadrupole and monopole pairing interaction strengths are taken from systematics. Good agreement with experimental data on the lowest four bands in 156, 158, 160 Gd is achieved. The theory also gives correct values for the sumrule for M 1 transitions from the ground state of these three nuclei, the correct positions of the 1 ϩ energies, and a reasonable reproduction of the fragmentation of the M 1 strength.
II. PSEUDO-SU"3… MODEL
The many-particle states of n ␣ active nucleons in a given normal parity shell ␣ , ␣ϭ ͑neutrons͒ or ͑protons͒, can be classified by the following group chain:
where above each group the quantum numbers that characterize its irreps are given and ␥ ␣ and K ␣ are multiplicity labels of the indicated reductions. The most important configurations are those with highest spatial symmetry ͓25,18͔.
This implies that only configurations with pseudospin equal to zero need to be considered when considering an even number of nucleons.
As an example, 158
Gd will be described. It has 14 protons and 12 neutrons in the 50-82 and 82-126 shells, respectively. The number of nucleons in normal ͑N͒ and abnormal ͑A͒ parity orbitals were determined by filling the Nilsson levels in order of increasing energy with pairs of particles for deformation ␤ϳ0.3. This yields n N ϭ8, n A ϭ6, n N ϭ8, and n A ϭ4 which in turn uniquely determine the highest symmetries in the ␣ϭ and ␣ϭ chains,
The 18 pseudo-SU͑3͒ irreps with largest values for the second order Casimir operator, Q•Qϭ4C 2 Ϫ3L
2 , that were used in this calculation are listed in Table I .
A. Hamiltonian
The Hamiltonian includes spherical single-particle terms for both protons and neutrons H sp [] , an isoscalar quadrupole-quadrupole interaction Q•Q, neutron and proton pairing terms H P [] , and four smaller ''rotorlike'' terms that preserve the pseudo-SU͑3͒ symmetry:
͑Note that tildes, commonly used to denote pseudoquantities, are suppressed throughout the article to simplify the notation.͒ The term proportional to J 2 represents a small correction to the moment of inertia, the K J 2 breaks the degeneracy of the different K bands within a pseudo-SU͑3͒ irrep ͓26͔, the third term, which is the cubic Casimir invariant of pseudo-SU͑3͒, serves to fix the position of the 0 ϩ energies relative to one another, and the last one, which distinguishes between A-type and B ␣ -type (␣ϭ1,2,3) internal symmetries of the rotor, pushes the 1 ϩ energies up as they are all bandheads of B ␣ -type structures. The spherical single-particle Hamiltonian has the form 
where stands for protons () or neutrons (). Since only pseudospin zero states are considered in the present application of the theory, matrix elements of the spin-orbit part of this interaction vanish identically.
B. Parameters
The pairing and quadrupole-quadrupole interaction strengths were taken from systematics ͓27,28͔. Specifically, since the pairing interaction is invariant under the pseudospin transformation, G ϭ21/A and G ϭ17/A. On the other hand, it is necessary to rescale the expression for the quadrupole-quadrupole interaction strength (ϭ23A
) to reflect the effect of the pseudospin transformation on the quadrupole operator. To determine this scale factor, consider, for the moment, that a tilde is used to denote pseudoquantities. Then the necessary factor can be determined by requiring that Q •Q ϭQ•Q. A numerical value can be determined by applying this result to the leading ground-state configuration: ϭ(͗C 2 ͘ max /͗C 2 ͘ max ). For the nuclei under consideration, ͗C 2 ͘ max /͗C 2 ͘ max Ϸ1.5 so the strength factor multiplying Q•Q in Eq. ͑2͒ needs to be 35A Ϫ5/3 ϭ1.5 ϫ23A Ϫ5/3 . The single-particle strengths that were used are lower than the standard values ͓27͔ by a factor of 4. This means the D [] parameters are negative for both protons and neutrons and of about the same magnitude as those used in previous calculations ͓24,31͔. This reduction in the strength of the single-particle orbit-orbit interaction can be shown to be tied to the truncation of the model space. In particular, increasing the single-particle orbit-orbit interaction strength enhances the mixing of SU͑3͒ irreps in the ground state, and with this a sizable fraction of the M 1 strength is shifted to 1 ϩ states that fall outside the model space. The effect of enlarging the model space is under further investigation. The a, b, a 2 , and a sym parameters, which have an overall small effect on the spectra, were optimized to yield best fits to experiment.
The strength of the single-particle interaction together with the strength of the C 3 interaction determines the excitation energy of the excited 0 ϩ states. All of the interactions affect the various moments of inertia and correct relative spacings between the bands. The parameters of the theory are listed in Table II . It is important to note that they are consistent with one another and with those used in a description of the neighboring odd-mass nuclei ͓29͔.
III. RESULTS
The upper part of Figs. 1-3 shows the calculated and experimental ͓30͔ ground state, Kϭ2, and two excited K ϭ0 energy bands in (156, 158, 160) Gd. The theoretical energy levels are in excellent agreement with the experimental data. The model predicts more energy levels in the Kϭ2 and in the two excited Kϭ0 bands.
From Table II Gd. This parameter is responsible for fine tuning of the effective moments of inertia, and is in agreement with the value used in the neighboring odd-mass study. The b parameter changes slightly from case to case. This is understandable since it fixes the Kϭ2 band relative to the ground state and the placement of these bandheads is different in the three cases. In this regard, it is important to note that the second experimental 2 ϩ states are not always the bandhead of a Kϭ2 band. For 158 Gd and 160 Gd the second 2 ϩ energy is the Kϭ2 bandhead, but for 156 Gd it is a member of the first excited Kϭ0 band. This detail is well reproduced by the model. The a sym parameter, which shifts B ␣ -type (␣ϭ1,2,3) intrinsic SU͑3͒ configurations ͓24͔ relative to the A-type, has an almost constant value for these nuclei. This parameter is used to position the 1 ϩ states, which are bandheads of B ␣ -type internal configurations, relative to the ground state 0 ϩ , which has an A-type internal symmetry. The a 3 parameter, which multiplies the third-order Casimir invariant C 3 of SU͑3͒ and which has an eigenvalue that is proportional to the irrep's intrinsic asymmetry (Ϫ), increases slightly in going from 156 Gd to 160 Gd. This is consistent with the fact that the second 0 ϩ state moves up in energy in going from 156 Gd to 160 Gd. Note that since , the coefficient multiplying Q•Q and hence C 2 is fixed, the C 3 term in the Hamiltonian is the only one that directly affects the relative position of the 0 ϩ energies. This term, which is small relative to the others in the Hamiltonian, was necessary to obtain the detailed reproduction of the energy spectra shown in Figs. 1-3 , as was found in a previous study ͓31͔. A more detailed analysis of this matter will be the subject of another investigation ͓32͔.
A. E2 Transition strengths
Theoretical and experimental ͓30͔ B(E2) transition strengths between low-lying states in 158 Gd are shown in Tables III and IV. The quadrupole operator was expressed as ͓25͔
with effective charges e ϭ2.25, e ϭ1.25. These values are very similar to those used in earlier pseudo-SU͑3͒ descriptions of even-even nuclei ͓25,24͔. ͓The (ϩ1)/ factors in this expression have the same origin as the ͗C 2 ͘ max /͗C 2 ͘ max renormalization of multiplying Q•Q in the Hamiltonian.͔ They are larger than those used in standard calculations of B(E2) strengths ͓27͔ due to the passive role assigned to the nucleons in unique parity orbitals, whose contribution to the quadrupole moments is parameterized in this way.
In Table III , B(E2) strengths are given for transitions between members of the four low-lying bands. The calculated results are in good agreement with the known experimental strengths. Electromagnetic transitions from the 2 ␥ ϩ to the 0 ϩ , 2 ϩ , and 4 ϩ states of the ground state band are shown in Table IV . While they are about an order of magnitude larger than the measured values, the latter are very small, about 10 Ϫ3 that of typical transitions between members of the same band, so it is difficult to attach any real significance to these differences. This strong ͑interband͒ and weak ͑intraband͒ structure of the B(E2) strengths underscores the significance of the assignment of the levels to K bands.
B. M1 transition strengths
The M 1 strength distributions derived from the calculated eigenvectors are shown, along with the corresponding ex- perimental results, in the lower plots that are a part of Figs. 1-3. Key features of these distributions are easy to understand within the framework of the pseudo-SU͑3͒ model. The basic structure of the strength distribution is determined by the SU͑3͒-symmetry preserving part of the Hamiltonian which embodies strong M 1 selection rules ͓31͔. In this limit of the theory there is no coupling between different SU͑3͒ irreps and there are at most four nonzero M 1 transitions between the 0 ϩ ground state and the various 1 ϩ states ͓24,31͔.
The fragmentation of the M 1 strength that is predicted ͑and observed͒ is a result of symmetry breaking. This breaking of the symmetry is generated by the single-particle and pairing interactions that are an integral part of the Hamiltonian ͑2͒. For the nuclei considered, the centroids of the experimental and theoretical M 1 strength distributions lie at about the same excitation energy, and overall there is reasonably good agreement between theory and experiment.
In 156 Gd the strongest calculated M 1 strength ( Gd where the strongest M 1 transition (1.12 n 2 ) to the 1 ϩ state at 2.80 MeV overlaps the experimental transition (0.75 n 2 ) to the 1 ϩ state at 2.80 MeV. While one might like for the theory to give a slightly better reproduction of details of the M 1 strength distributions, the fact that it does as well as it does is quite remarkable since in contrast with the quadrupole-quadrupole interaction, which is part-and-parcel of the SU͑3͒ model, a consideration of M 1 strengths is not an integral part of the SU͑3͒ theory. As can be seen in Table V , the total M 1 strength, which for the full Hamiltonian is between 10 and 25 % lower than for its pure SU͑3͒ limit, also shows reasonable agreement with the experimental results. This reduction in the strength can be traced to the symmetry mixing coupled with the fact that the model space is strongly truncated. Also, the set of parameters used in the present calculation allows one to use a larger value for a sym which pushes the centroid up in energy, closer to the experimental value.
IV. CONCLUSION
The results of this study show that the normal parity bands in the strongly deformed, even-even 156, 158, 160 Gd nuclei can be described within the framework of the pseudo-SU͑3͒ model. Pseudospin zero neutron and proton configurations with a relatively few pseudo-SU͑3͒ irreps with largest C 2 values proved to be sufficient to obtain good agreement with known experimental results. The Hamiltonian that was used included Nilsson single-particle energies, a common quadrupole-quadrupole interaction, neutron and proton pairing interactions with strengths fixed by systematics, and four smaller rotorlike terms with strengths that were varied to optimize agreement with experiment. The parameter sets that resulted from an independent analysis of the three Gd isotopes were found to be consistent with one another. The agreement between theory and experiment extended beyond energies, including inter-as well as intraband B(E2) values and the M 1 strength distribution of the ground state. A general conclusion that follows from these results is that the pseudo-SU͑3͒ shell model, with a realistic Hamiltonian, can be used to describe low-lying normal parity states of strongly deformed rare-earth and actinide nuclei. It suffices to include a relatively small symmetry-adapted, truncated model space. Single-particle and pairing terms in the Hamiltonian are important to achieving the SU͑3͒ irrep mixing that is required to reproduce the observed fragmentation of the ground state M 1 strength. The results suggest that more detailed microscopic descriptions of other properties of heavy deformed nuclei, such as g factors and beta decays, may finally be within reach of a bona fide microscopic shellmodel theory.
